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Summary In this study we have investigated the interaction of caffeine, a prototypic methylxanthine, and
TNF on the induction of cell death in mouse and human cell lines during progression from G, to successive
phases of the cell cycle. Exposure of cells to TNF (0.1 -100 ng ml-) as single agent for 48 h caused low or no
lethality. The rates of cell death increased significantly when cells cultured with TNF for 24 h were exposed to
caffeine (2.5-20 mM). The magnitude of the enhancement by caffeine was TNF and caffeine dose-dependent.
The most effective response to this combination was observed in the mouse cell lines, WEHI and L929,
followed by the human cell lines, HeLa, A375 and MCF-7, respectively. In L929 cells, TNF treatment did not
inhibit DNA synthesis during the first S phase of the cell cycle (20-24 h), but it did block the progress toward
a second S phase, indicating the cells were arrested at G2 phase or mitosis. Caffeine had great enhancer effect
on L929 cells exposed to TNF for 24 h, but the effect was reduced in cells with either less than 24 h or greater
than 28 h of exposure. L929 cells stimulated with TNF died via apoptosis, as judged by both morphological
criteria and the occurrence of internucleosomal DNA cleavage. Exposure of TNF-treated cells to caffeine
caused a greater increase in the proportion of apoptotic cells as well as the extent of internucleosomal DNA
fragmentation.
Tumour necrosis factor-a (TNF) is both a secreted and a cell
surface associated transmembrane protein made by macro-
phages, monocytes, lymphocytes and some malignant cell
lines (Fiers, 1991). TNF exerts a cytotoxic or cytostatic effect
on a variety of different tumour cell types under both in vitro
and in vivo conditions. The morphological mode ofcell death
induced by TNF can be either apoptosis or necrosis, depen-
ding on the TNF concentration, duration of exposure, the
presence of metabolic inhibitors and the cell type (Laster et
al., 1988). The molecular mechanism of TNF-induced cell
lysis is most likely through the generation of intracellular
reactive oxygen species (Wong et al., 1989; Zimmerman et
al., 1989). It is conceivable that the direct interaction between
these reactive substances with cellular components, including
the DNA, leads to altered cellular function and death. There
is also evidence that proteases (Suffys et al., 1988), ADP-
ribosylation (Agarwal et al., 1988) and topoisomerases
(Baloch et al., 1990) might play active roles in the TNF
cytotoxic mechanism.
The transition of quiescent cells into the proliferating
phases: GI, S (DNA synthesis), G2 and M (mitosis), respec-
tively, can be manipulated with certain chemicals and with
genetic mutants (Pardee, 1991; Hartwell & Weinert, 1989).
Many mammalian cells with DNA damage are sensitive to
chemicals that abolish G2 delay. It is presumed that G2 arrest
allows cells to repair DNA lesions prior mitosis, thus preven-
ting chromosome aberrations that are lethal (Hartwell &
Weinert, 1989). Caffeine exposure during G2 arrest induces
mitosis before DNA repair is completed, resulting in
enhanced cell killing (Lau & Pardee, 1982). This effect has
been well documented in various studies when ultraviolet
light (Rauth, 1967), X-ray (Busse et al., 1978), or several
alkylating agents (Lau & Pardee, 1982; Fingert et al., 1986;
Schlegel & Pardee, 1987; Steinmann et al., 1991) were used in
combinatiodi with caffeine or other methylxanthine anal-
ogues. The action of caffeine is indirect and apparently does
not depend on changes in cAMP levels (Lau & Pardee, 1982).
Various aspects of TNF-induced alterations in cell cycle
progression, and consequently cell killing, have been studied
previously (Darzynkiewicz et al., 1984; Coffman et al., 1989;
Belizario & Dinarello, 1991). One relevant alteration
observed following TNF treatment is the growth arrest at G2
phase (Darzynkiewicz et al., 1984). The arrest of cells at this
phase or during G, phase (Belizario & Dinarello, 1991)
apparently prevents or delays cell death processes, which are
expected during mitosis (Darzynkiewicz et al., 1984; Coffman
et al., 1989). If this is correct, it should be possible to
increase TNF-induced cell death by driving cells from G2
phase to mitosis with caffeine. Thus, the present experiments
were undertaken to evaluate the possible interaction between
TNF and caffeine throughout the cell cycle. Since mam-
malian cells vary widely in their intrinsic sensitivity to TNF,
we have examined several human and rodent cell lines. To
demonstrate the TNF and caffeine cell cycle specific manner
of action, we have studied their effects in cells that were
highly synchronised at GI phase of the cell cycle using the
lovastatin method (Keyomarsi et al., 1991; Jakobisiak et al.,
1991).
Lovastatin, an antihyperlipodemic agent, competitively
inhibits 3-hydroxy-3-methylglutaryl conenzyme A (HMG-
CoA) reductase, the enzyme required for conversion of
HMG-CoA to mevalonic acid, an intermediate of the
cholesterol biosynthetic pathway. In addition, it inhibits
DNA replication, which is restored by the addition of
mevalonic acid, with minimal overall metabolic perturbations
to the cells (Keyomarsi et al., 1991).
Here we show that the cytotoxic action of TNF is syn-
ergistically enhanced by caffeine when cells that have been
cultured with TNF for 24 h are then exposed to this methyl-
xanthine. In addition, we show that apoptosis is the main
mechanism by which cells die in response to these agents.
Materials and methods
Reagents
Recombinant human TNF was provided by Genentech, Inc.
(South San Francisco, CA). Methyl-[3H]thymidine (40-70 Ci
mmol 1) was purchased from ICN Biomedicals (Costa Mesa,
CA). Lovastatin was kindly provided by A.W. Alberts of
Merck, Sharp and Dohme Research Pharmaceuticals (Rah-
way, NJ). Mevalonic acid lactone was purchased from Sigma
Chemical Co. (St. Louis, MO)., Before addition to cultures,
lovastatin and mevalonic acid were converted to their active
forms, as described (Keyomarsi et al., 1991). Cell culture
media and caffeine were from Sigma. Fetal calf serum (FCS)
was from Gemini Bioproducts, Inc. (Calabasa, CA). All
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other chemicals used were of reagent grade and obtained
from local distributors.
Cells and culture conditions
All of the cell lines used in this study were obtained from
American Type Culture Collection (Rockville, MD). L929, a
mouse fibrosarcoma cell line (CCLI), was maintained in
RPMI 1640 supplemented with 5% FCS, 2mM glutamine,
100 unitsml1' penicillin, and 100figml-' streptomycin sul-
fate. WEHI-164 (methylcholanthrene-induced mouse fibro-
sarcoma; CRL 1751), A-375 (human malignant melanoma;
CRL 1619), MCF-7 (human breast cancer; HTB22), and
HeLa (human cervix carcinoma; CCL2) cell lines were grown
DMEM, 10% FCS, 2 mM glutamine and antibiotics. All cell
cultures were split using 0.25% (v/v) trypsin and 20,gml-'
EDTA solution and grown at 37°C in a humidified incubator
containing 5% CO2.
Cell cycle synchronisation
Cells were plated in 48 or 96-well plates at 3-5 x 104
cells ml-' in complete medium. Lovastatin (10-40 mM) was
added 24 h later and cells were cultured for an additional
24-36 h. Thereafter the medium was removed and replaced
with fresh medium containing mevalonic acid at a concentra-
tion 100 times the lovastatin concentration used (Keyomarsi
et al., 1991). The concentrations of lovastatin and times of
incub'ation for synchronisation (90%-95% DNA synthesis
inhibition) of the cell lines used in this study were, respec-
tively: WEHI, 10tLM/24 h; L929, 201tM/24 h; HeLa, 40ylM/
36 h, A-375, 30 AM/36 h; and MCF-7, 20gM/36 h.
DNA synthesis
Relative rates of DNA synthesis were estimated by measur-
ing the incorporation of [3H]thymidine. Cells were plated in
48-well plates, synchronised as described above and, at the
indicated times, the cell medium was removed and the cells
incubated with serum free medium containing 10iLCi ml-' of
[3H]thymidine for 1 h. Incorporation was stopped by
acidification (Keyomarsi et al., 1991) with HEPES (final
concentration 0.1 M). Subsequently the cells were washed
twice with PBS and dispersed by trypsin-EDTA treatment.
The number of cells per well was determined using a
hemocytometer. Thereafter, cells were incubated with 5%
trichloroacetic acid (TCA) for 30 min at 40C. The TCA pellet
was collected after centrifugation and the cells washed once
with cold alcohol. Monolayers were dissolved in 0.2 N NaOH
and neutralised with HCI. Incorporated radioactivity was
determined by liquid scintillation and the results expressed in
d.p.m. per cells under the condition of the assay. All
experiments were performed in duplicate and repeated at
least three times.
Cytotoxicity assay
To measure the cytotoxicity of TNF with caffeine post-
treatment, the cells (3-5 x 104ml-') were dispensed into 96-
well microtiter plates and incubated for 24 h. The next day,
lovastatin was added and after 24 h, the medium was
replaced with medium containing mevalonic acid (100 times
the lovastatin concentration) and various concentrations of
TNF. The cells were then incubated for an additional
20-24 h. Thereafter caffeine was added and cells returned to
the incubator for another 20-24 h. The cells were then
incubated for an additional 3-4h with 500figml-' of 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) (Sigma). The medium was carefully aspirated, and
100fil of2-propanol was added. The absorbance ofeach well
was determined using a microplate reader. Reproducibility in
the quadruplicate determinations was 5-15%. The percen-
tage of cell survival was calculated as follows: % Cell Sur-
vival = [mean absorbance (untreated)/mean absorbance (TNF
treated)] x 100. Dose-response curves were calculated from
the percentage of cell survival vs concentrations of TNF.
Analysis of the log dose-response data were conducted using
a microcomputer programme (Cricket Graph, Cricket Soft-
ware, Malvern, PA). The LD50 was defined as the concentra-
tion of either TNF or caffeine necessary to produce 50% cell
death.
Cellstaining techniques
Cells (3-5 x I04 cellsml-') were plated in four chamber
slides. After synchronisation, the cells were treated with TNF
for 20-24 h and then caffeine was added. At various times
during the treatment, the medium was removed and cells
incubated with 1 ml of 75 mM KCI. After 10 min, an equal
volume of 3:1 methanol:acetic acid (v/v) was added and the
incubation continued for an additional 10min. Thereafter,
the mixture was replaced with pure 3:1 methanol:acetic acid.
The fixed cells were then stained with 50figml' of pro-
pidium iodide or 1 ttg ml-' of Hoechst 33342 dissolved in
phosphate buffer containing 100fg ml-' RNase A and 0.1%
Triton X-100. Microscopic evaluation of stained cells was
carried out using an Olympics fluorescence microscope.
DNA labelling andelectrophoresis
A 3'-end labelling method for DNA analysis was performed
as described (Tilly et al., 1991). Briefly, GI phase L929 cells
were treated with TNF and various concentrations ofcaffeine
and total DNA was then prepared from each pool of cells.
DNA samples (0.5jg) were labelled at 3'-ends with 50ytCi
[a32P]-dideoxy-ATP (3000Cimmol-', Amersham, Arlington
Heights, IL) by incubation for 60 min at 37°C in the presence
of 25 U terminal transferase (Boehringer-Mannheim, In-
dianapolis, IN) and 25 mM CoCl2. Labelled DNA was then
purified by repeated ethanol precipitation using 50fig tRNA
as carrier and resolved (0.25 fig per lane) by agarose gel
electrophoresis. Gels were dried in a slab-gel dryer without
heat for 2 h and exposed to Kodak X-ray films for 2 h at
- 70°C. The characteristic internucleosomal fragmentation of
DNA into 185 bp multiples was estimated by comparison of
migration distance to a 123-bp DNA ladder. Following
qualitative analysis by autoradiography gel fragments corres-
ponding to the low molecular weight (< 15 Kb) DNA frac-
tion in each sample were excised with a scalpel and counted
in a P-counter to provide a quantitative estimate of extent of
internucleosomal DNA cleavage among samples (Tilly &
Hsueh, 1993).
Results
Cytotoxic effects of TNFand caffeine in rodent and human
cancer cells
All of the cell lines used in these experiments were syn-
chronised in the GI phase of the cell cycle using lovastatin at
concentrations and times described in Materials and methods.
The response of various cell lines to TNF, caffeine or the
combination of TNF and caffeine was estimated during the
cell progression from GI phase to the successive phases ofthe
cell cycle within a 48 h period. With the exception of WEHI
cells (Figure la) and L929 (Figure lb), the exposure of HeLa
(Figure Ic), A-375 (Figure ld), and MCF-7 (Figure le) cell
lines to TNF alone, at concentrations ranging from 1 to
100 ng ml-' for 48 h, did not cause any apparent cytotoxicity
as measured by the MTT method. Caffeine as single agent, at
concentrations from 5 to 20 mM, reduced the survival of
most cell lines compared with control cells. The decreases
ranged from 10% to 40% (Figure 1 at TNF concentra-
tion = 0). After 24 h of exposure to TNF, the addition of
caffeine and incubation of cells for another 24 h resulted in a
substantial enhancement of cell death. Table I shows the
TNF concentration with fixed concentrations of caffeine
necessary to achieve 50% cytotoxicity (TNF LDm) for each
cell line presented in Figure 1. The magnitude of theCAFFEINE POTENTIATES LETHALITY OF TNF 1231
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Figure 1 Dose response curves for the enhancement of TNF lethality by caffeine in the cancer cell lines: a, WEHI, b, L929, c,
HeLa, d, A-375 and e, MCF-7. Cells synchronised at G, phase were pretreated for 24 h with TNF at concentrations indicated and
thereafter caffeine (2.5-20 mM) was added. The cell survival was determined following an additional 20-24 h of incubation. The
percentage of survival was calculated by comparing the values obtained from untreated control cells (100%) to those from caffeine
alone or TNF plus caffeine-treated cells. Each point represents the mean of three independent experiments. The s.d.s were less than
15% of the means.
TableI Summaryofthe 50% lethaldoses(LDm)forTNF(ng ml -)andcaffeineobtained
from the cytotoxicity bioassays in mouse and human cell lines presented in Figure 1
TNF+ Caffeine LD50for
Cell type TNF alone 2.5 mM S mm 10mm 20 mM caffeine (mM)
LD50 for TNF (ng ml I)a
Mouse
WEHI > 10 0.65 0.12 0.01 30
L929 > 100 16 3 0.15 100
Human
HeLa > 100 60 20 1.5 50
A375 > 100 >200 100 10 40
MCF-7 > 100 > 100 100 50 60
aLD50 was defined as the concentration ofeither TNF or caffeine necessary to achieve
50% cytotoxicity. The LD50 values were obtained from a linear representation of
dose-response curves of Figure 1 using the least squares method.
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Figure 2 Effects of TNF on DNA synthesis and cell division of L929 cells. Exponentially growing L929 cells were cultured in
medium containing 20 JAM of lovastatin for 30 h. Fresh medium supplemented with 2 mm mevalonic acid (control) or these reagents
plus TNF at 1Ong ml-' (TNF-treated) was added at the time zero on the abscissa. At the indicated time intervals, [3H]thymidine
incorporation (lines) and cell number (circles) were measured. Each data point was performed in duplicate and the experiment was
repeated at least three times with similar results.
enhancement observed in the cell lines WEHI, L929 and
HeLa was TNF and caffeine dose-dependent and consistent
with a synergistic interaction, as determined by an isobolo-
gram equation (data not shown).
Cell cycle specific effects of TNFand caffeine
The mechanism involved in the interaction between TNF and
caffeine on induction of cell death and its dependence on cell
cycle events was further studied using L929 cells as a model.
The action of TNF on the transition of cells throughout the
cell cycle was examined by measuring the [3H]thymidine
incorporation into cellular DNA. As shown in Figure 2,
DNA synthesis was slightly attenuated in cells growing in the
presence of TNF. However, DNA synthesis in both control
and TNF-treated cells reached a maximum at 15 h. Control
cells reached the second S phase peak at 28 h, whereas DNA
synthesis was inhibited in TNF-treated cells. Consistent with
this finding, TNF-treated cultures failed to increase in
number after 48 h, whereas the cell number of control cul-
tures doubled (Figure 2).
Subsequent experiments were carried out to examine
whether the duration of exposure to TNF was important in
determining the synergistic interaction between TNF and
caffeine. It was observed that the cytotoxicity was much less
pronounced when L929 cells (Figure 3a) were exposed to
TNF for short periods (4-12 h), as compared with the stan-
dard period of 24 h (Figure 1). Interestingly, the experiments
also showed that cells became progressively insensitive to
caffeine when the period of incubation was greater than 24 h
(Figure 3b).
Next we examined whether the addition of TNF at
advanced times along the G,/S phase period could change the
patterns of response of cells to caffeine. This possibility
was examined by giving TNF at 4, 8 or 12 h following the
release from lovastatin block. The results (Figure 3c)
indicated that cells became less sensitive to the effects of
TNF as they progressed throughout the cell cycle. Taken
together, these findings suggest that L929 cells are much
more sensitive to the effects of TNF during early G, phase
(0-8 h). In contrast, cells treated with TNF during early GI
phase are maximally susceptible to caffeine action during the
time of transition from G2 to M phase of the cell cycle
(22-26 h).
Apoptosis is thepredominant mode ofcell death induced by
TNF and caffeine in L929 cells
Apoptosis is readily identified by staining cells with DNA-
specific dyes (Duvall & Wyllie, 1986; Arends et al., 1990;
Gerschenson & Rotello, 1992). In this study we have scored
apoptotic cells on the basis of the condensation state of
chromatin and the uniform compaction of condensed masses
along the inner border of the nuclear membrane (Figure 4).
As shown in Table II, a significant number of apoptotic cells
was identified among the population of cells treated with
TNF alone for 30h. The percentage of apoptotic cells in-
creased from 27% to 53% and 67% when cells cultured with
TNF for 24 h were exposed to caffeine (5 and 10 mM, respec-
tively) for only 6 h (Table II). Apoptosis was further
confirmed by comparing the integrity of isolated cellular
DNA by 3'-end labelling and agarose gel electrophoresis. The
results showed (Figure 5) that the characteristic DNA ladder
pattern ofapoptosis was induced by TNF in L929 cells and it
was not present in the controls. Consistent with the mor-
phological observations (Table II), the experiments also
showed that the addition of caffeine at concentrations of
5 mM and 10 mM induced a greater extent of DNA fragmen-
tation and a higher proportion of low molecular weight
fragments than that observed in cells treated with TNF
alone.
Discussion
In this report we have shown that caffeine enhances the
lethality of TNF when cells exposed to TNF for 24h are
then treated with various concentrations of caffeine.The
synergistic interaction between these two agents on the induc-
tion ofcell death was clearly observed in the cell lines WEHI,
L929 and HeLa, but was less apparent in the cell lines A-375
and MCF-7 (Table I). The mechanism by which TNF sen-
sitises cells to the effects of caffeine is still unclear. There
have been a number of studies showing that caffeine and
other methylxanthine analogues potentiate the lethal action
of the chemical agents, thiotepa (Fingert et al., 1986), nit-
rogen mustard (Lau & Pardee, 1982; Fingert et al., 1986),
Table II Percentage of cell death via apoptosis in L929 cell cultures
following TNF and caffeine treatment
Treatment Concentration Apoptotic cells (%)"
None 0
TNF (ngml-') 10 27.22 ± 1.2b
+ Caffeine (mM) 5 53.66 ± 1.4
+ Caffeine (mM) 10 67.90 ± 2.7
L929 cells synchronised inGI phase were incubated in the absence or
presence ofTNF for 24 h. Caffeine was then added and the incubation
continued for another 6 h. aApoptotic cells were identified on the basis
ofmorphological changesoftheirchromatin, includingitscondensation
state and theuniform compaction ofcondensed masses at the borderof
nuclear membrane. bResults are from a representative experiment and
are expressed as the mean percentage of apoptotic cells ± s.e.m. from
ten fields evaluated.CAFFEINE POTENTIATES LETHALITY OF TNF 1233
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Figure 4 Morphological changes associated with apoposis
induced by TNF and caffeine in L929 cells. a, shows the normal
morphology of L929 cells from control cultures. b, shows the
presence of typical apoptotic cells (arrows) as result of treatment
of cells with TNF (10 ng ml-') for 24 h and caffeine (10mM) for
6 h. In contrast to morphologically normal cells, the apoptotic
cells have nuclei with either an extensive condensation of
chromatin, several small condensed bodies at nuclear periphery
or a reduced nuclear size.
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Figure 3 Effects of the time of exposure to TNF and the cell
cycle position of the cells on the rates of enhancement of TNF
lethality by caffeine in L929 cells. a, Cells synchronised at GI
phase were incubated with various concentrations of TNF for
shorter periods of time (as indicated) and then caffeine (20 mM)
was added. After an additional 24 h of incubation the cell sur-
vival was determined. b, Cells synchronised at GI phase were
incubated with various concentrations of TNF for the longer
periods of time (as indicated) and then caffeine (20 mM) was
added. After an additional 20-24 h of incubation the cell survival
was determined. c, Cells synchronised at G, phase were incubated
with various concentrations of TNF at the successive times of
0 h, 4 h, 8 h and 12 h following the initial time of incubation with
fresh medium (time zero). Caffeine (20 mM) was given 24 h after
TNF addition and the cells incubated for an additional 20-24 h.
The percentage of survival was calculated by comparing the
values obtained from control cells treated with caffeine (100%) to
those from TNF plus caffeine-treated cells. Each point represents
the means of at least two independent experiments. The s.d.s
were less than 15% of the means.
hydroxyurea (Steinmann et al., 1991) as well as the physical
agents, ultraviolet light (Rauth, 1967) and radiation (Busse et
al., 1978). The common characteristic of these agents is their
ability to induce DNA lesions that lead cells to arrest during
S phase or G2 phase of the cell cycle. Evidence within the
literature suggests that the exposure ofcells to TNF results in
the generation of free radicals and oxidative DNA damage
(Wong et al., 1989; Zimmerman et al., 1989) and growth
arrest at the G2 phase of the cell cycle (Darzynkiewicz et al.,
1984). Therefore, it is possible that the DNA damage and
perturbations in the cell cycle induced by TNF may be the
factors that sensitise cells to the effects of caffeine.
Previous studies have demonstrated that the cytotoxic
action of TNF (Darzynkiewicz et al., 1984; Coffman et al.,
1989; Belizario & Dinarello, 1991) and caffeine (Lau &
Pardee, 1982; Steinmann et al., 1991) is linked with the cell
cycle. The results of experiments with L929 cells have also
revealed that both the duration of exposure (Figure 3a,b) and
the point in the cell cycle at which cells are exposed to TNF
(Figure 3c) and caffeine (Figure 3a,b) appear to influence
greatly the response of cells to these agents. The finding that
cells in early G, phase are more susceptible to the effects of
TNF, as compared to cells in late G1 or early S phase (Figure
3c), appears to be related to the time necessary for full
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Figure 5 DNA fragmentation induced by TNF and caffeine. a,
Agarose gel electrophoresis of 3'-end labelled total DNA extracts
from L929 cells derived from cultures with no treatment (C,
control) or with TNF at O0 ng ml-' in the absence (O mM) or
presence of 5 or 10 mm caffeine. Sizes of DNA fragments in
basepairs (bp) were estimated following comparison of migration
distance to a 123-bp DNA ladder. b, Quantitative analysis of the
extent of internucleosomal DNA cleavage present in samples
depicted in Panel a as assessed by P-counting of excised gel
fractions containing low molecular weight (<15 kb) DNA
fragments. The results are expressed as the mean ± s.d. of dup-
licate determinations from one representative experiment.
sensitisation of cells (DNA damage) and the arrival at G2
phase (20-24 h). As noted before, the strongest effects of
caffeine in a cell whose DNA is damaged would be expected
during the arrest at G2 phase following accumulation of
critical levels of mitosis-inducing proteins, including p34cdC2
protein kinase and cyclin B, that have been implicated in the
mechanism of action of caffeine (Schlegel & Pardee, 1987;
Steinmann et al., 1991). Since the cell cycle length in human
A-375 and MCF-7 cell lines is longer than 24 h (unpublished
observation) and caffeine was added at this time, this may
explain their reduced response (Table I), as compared to the
mouse cell lines, WEHI and L929, and the human cell line,
HeLa, in which the cell cycle length is less than 24 h (unpub-
lished observation). It is important to mention, however, that
these human cell lines are considerably more resistant to the
lytic effects of TNF than the mouse cell lines, even if the cells
are assayed using the standard method for TNF cytotoxicity
which combines recombinant human TNF and actinomycin
D (unpublished observation). Furthermore, the relationship
between the poor response of certain cell lines to TNF and
the number and/or type of TNF receptors (Heller et at.,
1992) has not been explored.
It is now clear that several mechanisms of cellular defense
take place at different stages of the TNF cytotoxic pathway
to protect cells from death. For example, expression of the
enzyme manganous superoxide dismutase (MnSOD) evoked
by IL-1, TNF (Wong & Goeddel, 1988) or gene transfection
(Wong et al., 1989) results in cellular resistance to TNF
cytotoxicity. Consistent with these findings, it was observed
here that after a longer period of incubation with TNF, L929
cells became gradually insensitive to caffeine (Figure 3b).
Another mechanism known to affect cell survival is DNA
repair capability. In this regard, it is interesting to note that
murine cells have a reduced repair capacity compared to
human cells (Bohr et al., 1986). Furthermore, it is becoming
clear that the control mechanisms to ensure the proper order
of the cell cycle events (checkpoints) appear to be less stringent
or relaxed in rodent compared to human cell lines (Kung et
al., 1990). More importantly, such differences profoundly
affect their vulnerability to drug-induced mitotic aberrations
and cytotoxicity (Kung et al., 1990; Steinmann et al., 1991).
Thus, there are likely multiple, but not yet fully charac-
terised, factors and mechanisms that influence the sensitivity
of cells to TNF in a way that affects the action of caffeine.
TNF is capable of inducing both of the most well-
characterised modes of cell death: necrosis and apoptosis
(Laster et al., 1988). Cells die via necrosis quite early after
extensive injuries to the plasma membrane and cellular
organelles. In apoptosis, cell death is slow and occurs long
after DNA degradation, the condensation of chromatin and
its marginalisation at the edges of the nuclear membrane
(Duvall & Wyllie, 1986; Arends et al., 1990). Although apop-
tosis is a common event seen during normal embryonic
development and tissue renewal, it can also occur after major
perturbations in vital cellular processes caused by cytotoxic
chemical agents (Barry et al., 1991; Sen & D'Incalci, 1992).
The hallmark biochemical event in apoptosis is the cleavage
of double-stranded DNA between nucleosomal units produc-
ing a typical ladder pattern of DNA fragmentation (Arends
etal., 1990). Because our results (Figure 4 and 5) are consis-
tent with these criteria, we have concluded that apoptosis is
the mode by which L929 cells, as well as WEHI and HeLa
cells (unpublished observation), die in response to TNF. We
have also obtained strong evidence suggesting that caffeine
itself or its secondary mediator(s) act on molecules and/or
reactions involved in this process to enhance the TNF
lethality in L929 cells. Caffeine has diverse effects on many
aspects of cell metabolism (Somani & Gupta, 1988). Of
particular relevance in the current context is the reported
ability of caffeine to increase intracellular levels of Ca2+ and
cAMP (Somani & Gupta, 1988), induce chromatin conden-
satin (Schlegel & Pardee, 1987), inhibit the DNA repair
mechanism (Selby & Sancar, 1990), bind to adenosine recep-
tors (Daly et al., 1991) and activate p34cdC2 protein kinase
(Steinmann et al., 1991). All of these mediators and
biochemical events directly or indirectly participate in various
stages seen in apoptosis (Gerschenson & Rotello, 1992;
Trump & Berezesky, 1992; Kizaki et al., 1990; Duvall & Wyllie, 1986; Arends etal., 1990). Thus, we have postulated
that caffeine may modulate or accelerate TNF cytotoxicity by
altering the levels of cytosolic Ca2" and cAMP which may
subsequently affect the activity of endonucleases, kinases or
phosphatases required for apoptotic cell death.
Along with it cytotoxic effects in certain cancer cells, TNF
plays a key role in the inflammatory process and immunity
(Fiers, 1991). Among other activities, this cytokine activates
phagocytosis, induces degranulation and superoxide ion pro-
duction in polymorphonuclear cells, and increases endothelial
cell permeability. These events lead to a series of
pathophysiological situations which may be detrimental or
even lethal to the host if the production of TNF persists for
a long time (Fiers, 1991). It is of interest that caffeine and
other methylxanthines reportedly suppress production of
TNF (Dezube etal., 1990) and various aspects of the TNF-
mediated immune system cell functions (Zheng etal., 1990;
Dezube etal., 1990; Fiers, 1991). Therefore, it could be
predicted that methylxanthines, while enhancing the cyto-
toxicity of TNF, may also reduce its undesired side effects.
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